Replication of positive-strand caliciviruses is mediated by a virus-encoded RNA-dependent RNA polymerase (RdRp). To study the replication of Norovirus (NV), a member of the family Caliciviridae, we used a recombinant baculovirus system to express an enzymatically active RdRp protein from the 3D region of the NV genome and defined conditions for optimum enzymatic activity. Using an RNA template from the NV 3 genomic region, we observed similar levels of enzymatic activity in assays with and without a poly(A) tail. RdRp activity was not significantly affected by the addition of an RNA primer to the reaction mixture. Thus, the NV RdRp exhibited primer-and poly(A)-independent RNA polymerase activity. While the RdRp inhibitor phosphonoacetic acid inhibited NV RdRp activity, another gliotoxin did not. The active recombinant NV RdRp will be of benefit to studies of NV replication and will facilitate the development of specific inhibitors of NV proliferation.
Replication of positive-strand caliciviruses is mediated by a virus-encoded RNA-dependent RNA polymerase (RdRp). To study the replication of Norovirus (NV), a member of the family Caliciviridae, we used a recombinant baculovirus system to express an enzymatically active RdRp protein from the 3D region of the NV genome and defined conditions for optimum enzymatic activity. Using an RNA template from the NV 3 genomic region, we observed similar levels of enzymatic activity in assays with and without a poly(A) tail. RdRp activity was not significantly affected by the addition of an RNA primer to the reaction mixture. Thus, the NV RdRp exhibited primer-and poly(A)-independent RNA polymerase activity. While the RdRp inhibitor phosphonoacetic acid inhibited NV RdRp activity, another gliotoxin did not. The active recombinant NV RdRp will be of benefit to studies of NV replication and will facilitate the development of specific inhibitors of NV proliferation.
Norovirus (NV), a member of the family Caliciviridae, is the leading cause of epidemic acute, nonbacterial gastroenteritis. NV infection causes nausea, vomiting, low-grade fever, and diarrhea, which can be severe in infants and young children. For these reasons, it is a major public health concern (7). An effective vaccine or other therapeutic agent would be valuable for preventing the significant morbidity and potential mortality associated with NV infections. However, the lack of an efficient culture system has hampered the biochemical characterization of the NV proteins, and thus far, molecular biological techniques have been the most useful tools for the study of NV.
The NV virion contains a polyadenylated plus-strand RNA genome of ϳ7.7 kb (11, 15) . The structures of the full-length genome, phylogenetic trees, and genetic recombination among distinct genogroups have been analyzed in detail (13) . Based on sequence similarities with other single-stranded RNA viruses, the NV open reading frame 1 (ORF1) is predicted to encode a large polyprotein that is cleaved into several viral proteins, including NTPase, proteinase, and RNA-dependent RNA polymerase (RdRp) (11, 15) .
The RdRp encoded by the 3D region has a conserved amino acid motif, glycine-aspartic acid-aspartic acid (GDD), which is found in the active site of many viral RdRps (14) , and thus might have an important role in NV replication. As in other positive-strand RNA viruses (2) , NV genomic RNA likely acts as a template for the synthesis of minus-strand RNA. The minus-strand RNA then, in turn, serves as a template for the synthesis of progeny genomic plus-strand RNA molecules. Thus, RdRp is central to the synthesis of both plus-and minusstrand RNA molecules. Among the Caliciviridae, Rabbit hemorrhagic disease virus (RHDV) and Feline calicivirus (FCV) express an enzymatically active RdRp protein (27, 28) . However, caliciviruses that infect humans have not been examined for RdRp activity.
The aims of this study were to develop a cell-free system that permits the identification of RdRp activity in vitro and to characterize the biochemical properties of RdRp in NV replication. We expressed the RdRp protein from the 3D region of the NV genome with a baculovirus vector and then tested the activity of the purified protein.
MATERIALS AND METHODS

Construction of plasmids.
The primer sequences used for plasmid construction are listed in Table 1 .
To obtain a cDNA fragment corresponding to the full-length genome of the NV genogroup 2 strain U201, we used primers U201LV1S-BglII and TX30SXN to amplify viral RNA extracted from a stool specimen (U201) (13) . RNA extraction, reverse transcription, and PCR were performed as previously described (13) . The 3D region was amplified from the full-length cDNA of strain U201 with the primers EagI-3D and 3D-EcoRI, digested with EagI and EcoRI, and cloned into the EagI-EcoRI site of the pVL1392 vector (BD Bioscience, San Jose, Calif.) to obtain pVLwt3D (Fig. 1) .
The plasmid pVLwt3D was used as a template for mutagenesis, and DNA oligonucleotide primers 3D-GAA-F, 3D-GAA-R, 3D-GAD-F, and 3D-GAD-R were used to introduce amino acid substitutions at the conserved GDD motif. To obtain a mutant RdRp containing an amino acid change of the GDD motif to GAA, we amplified the 5Ј and 3Ј halves of the mutant 3D region by using primer set 3D-GAA-R and EagI-3D or 3D-GAA-F and 3D-EcoRI, respectively. Since the resulting two cDNA fragments partially overlapped each other, they were mixed, denatured, annealed, and filled in with Tbr EXT DNA polymerase (Fynzyme, Espoo, Finland) to obtain the full-length construct with a mutant 3D region. The resulting products were digested with EagI and EcoRI and ligated into the pVL1392 vector to form the plasmid pVLm3D(GAA) (Fig. 1) .
We amplified two additional cDNA fragments. To obtain another mutant RdRp that changes the GDD motif to GAD, we amplified the 5Ј or 3Ј half of the mutant 3D region by using primer set 3D-GAD-R and EagI-3D or 3D-GAD-F and 3D-EcoRI with the same strategy as that used for the construction of plasmid pVLm3D(GAA). To obtain the full-length 3D construct with a GAD mutant, the resulting two cDNA fragments were mixed, denatured, annealed, and filled in with Tbr EXT DNA polymerase. The resulting products were digested with EagI and EcoRI and ligated into the pVL1392 vector to form the plasmid pVLm3D(GAD) (Fig. 1) . Finally, the 3B region of the NV genome was amplified, using primers BamH-3B and 3B-Xba. The resulting cDNA was digested with BamHI and XbaI and cloned into the BamHI-XbaI site of the pVL1393 vector (BD Bioscience) to obtain pVL3B ( Fig. 1) .
A series of plasmids (i.e., pMT-ORF3pA, pUC608-pA, and pUC608delA) was used for in vitro transcription to prepare the RNA templates or RNA size markers for the analysis of RdRp products. These were constructed by PCR with the oligonucleotide primers described below. For the plasmid pMT-ORF3pA, primers KpnT7ORF3 and 201pAMS were used with the full-length cDNA template of U201 to amplify a cDNA fragment from ORF3 to the poly(A) region under the T7 promoter sequence. The resulting product was digested with KpnI and MluI and then cloned into the KpnI and MluI sites of the pMT1 vector (kindly provided by M. Tatsumi, National Institute of Infectious Diseases, Tokyo, Japan). Primers T7S608, which contained the T7 promoter, and 201pAMS were used with template plasmid pMT-ORF3pA to amplify a cDNA fragment corresponding to the 3Ј-terminal 232 nucleotides of the NV genome. The amplified product was ligated to the pT7Blue vector (Takara Bio, Shiga, Japan) to obtain pT7608-pA. The HindIII-EcoRI fragment of the cDNA was inserted into the HindIII-EcoRI site of the pUC119 vector and the plasmid was designated pUC608-pA. Primers T7S608 and 201AsdelA-Xba were used with template plasmid pMT-ORF3pA to amplify a cDNA fragment that corresponded to plasmid pUC608-pA except for a deletion of the poly(A) sequence. The PCR product was inserted into the pT7Blue vector to obtain pT7608delA. By the same strategy, the HindIII-EcoRI fragment of the cDNA was cloned into the pUC119 vector to obtain pUC608delA.
Preparation of RNA. The oligo(U) 15 RNA primer was purchased from Takara Bio. The RNA dimer UpU was purchased from Sigma (Tokyo, Japan). ORF3-pA, 608-pA, and 608-delA RNAs were transcribed in vitro by T7 RNA polymerase (Promega, Tokyo, Japan) from the templates MluI-digested pMTORF3pA, MluI-digested pUC608-pA, and XbaI-digested pUC608delA, respectively. The RNAs were purified, and their integrity was verified as described previously (6) .
Expression and purification of RdRp protein. The procedures for generating recombinant baculoviruses and for subsequent large-scale production of the proteins were adapted from the work of Li et al. (16) . Briefly, transfer plasmid pVLwt3D, pVLm3D (GAA), pVLm3D (GAD), or pVL3B was cotransfected into insect SF9 cells with linearized BaculoGold DNA (BD Bioscience) to obtain recombinant baculovirus BVwt3D, BVm3D(GAA), BVm3D(GAD), or BV3B, respectively. Insect Tn5 cells were infected with these recombinant baculoviruses for the large-scale expression of recombinant RdRp proteins. After 4 days of incubation at 27°C, cells were harvested, collected by centrifugation, and washed twice with phosphate-buffered saline.
The cell pellet was resuspended in ice-cold cell lysis buffer (20 mM Tris-HCl [pH 7.5], 1.0 mM EDTA, 10 mM dithiothreitol [DTT], 2% Triton X-100, 500 mM NaCl, 10 mM MgCl 2 , 50% glycerol, and EDTA-free protease inhibitors) FIG. 1. Expression constructs for RdRp proteins. The genome structure of NV is shown to scale. The 3D region with the wild-type GDD motif (wt3D) and with amino acid substitutions of GDD to GAA [m3D(GAA)] or GAD [m3D(GAD)] and the 3B region of the NV cDNA were inserted into baculovirus transfer vectors to construct recombinant baculoviruses. 
a Restriction sites used for cloning are represented by lowercase letters. The underlined nucleotides were changed to introduce amino acid substitutions at the conserved GDD motif.
(Roche Diagnostics, Tokyo, Japan). The extract was sonicated, cleared of debris by centrifugation at 15,000 ϫ g for 30 min, dialyzed against SP buffer (25 mM morpholineethanesulfonic acid [pH 6.4], 1.0 mM EDTA, and 1% Triton X-100), and applied to a HiTrap SP column (Amersham Biosciences) that was preequilibrated with SP buffer. Bound proteins were eluted by a linear gradient of 0 to 1.0 M NaCl in SP buffer and were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and Coomassie blue staining. The RdRp protein was eluted with 320 to 550 mM NaCl, dialyzed against RdRp sample buffer (20 mM Tris-HCl [pH 7.7], 1.0 mM EDTA, 100 mM NaCl, 10 mM DTT, 2% Triton X-100, and 50% glycerol), and tested for RdRp activity. The fractions containing active RdRp protein were combined, dialyzed against Q buffer (20 mM Tris-HCl [pH 7.7], 1.0 mM EDTA, and 1% Triton X-100), and applied to a HiTrap Q column (Amersham Biosciences) that was pre-equilibrated with Q buffer. Bound proteins were eluted with a linear gradient of 0 to 1.0 M NaCl in Q buffer and were analyzed by SDS-polyacrylamide gel electrophoresis and Coomassie blue staining. RdRp fractions eluted at ϳ520 mM NaCl. They were combined, dialyzed against RdRp sample buffer, and examined for RdRp activity.
RdRp and terminal nucleotidyl transferase (TNTase) assays. The RdRp reaction was performed in a 15-l volume with 375 ng of RdRp protein and 5.0 pmol of in vitro-transcribed ORF3-pA RNA, 608-polyA RNA, or 608-delA RNA in a reaction buffer containing, unless otherwise specified, 20 mM Tris-HCl (pH 6. Nuclease digestion was performed as described by Ishii et al. (10) . TNTase assays were performed in the same buffer with specified nucleoside triphosphates. RdRp and TNTase reactions were done at 30°C for 90 min and stopped by the addition of 60 l of a stop solution (10 mM Tris-HCl [pH 7.5], 10 mM EDTA, 100 mM NaCl). The RNA products were extracted with TRISOL LS reagent (Invitrogen, Tokyo, Japan) and precipitated with isopropanol. Products were dissolved with RNA sample buffer containing 80% formamide, 1 mM EDTA, and 0.1% bromophenol blue. After heat denaturation, the RNA products were separated in 6.0 or 10.0% polyacrylamide gels in 8.0 M urea. Radiolabeled RNA products were analyzed with the BAS 1000 system (Fuji Film, Tokyo, Japan).
For the examination of polymerase inhibitors, phosphonoacetic acid (PAA) and gliotoxin were purchased from Sigma. These materials were dissolved in H 2 O, and then increasing amounts (25, 100, and 250 M) of the inhibitors were mixed with the RdRp reaction buffer.
RESULTS
Expression and purification of enzymatically active RdRp proteins. In FCV, a member of the family Caliciviridae, the proteinase-polymerase precursor (3CD) rather than the 3D region itself is highly active, which may be attributed to inefficient proteolytic processing of the linker domain of 3CD (25, 28) . Since efficient proteolytic processing of the NV polyprotein into 3D is observed in both Escherichia coli and mammalian cell expression systems (17, 24), we cloned and expressed the 3D region itself to study the biochemical properties of NV RdRp (Fig. 1) . A recombinant baculovirus system was used to express NV RdRp. Soluble lysates of infected cells were separated by cation-exchange chromatography ( Fig. 2A) , and fractions were examined for RdRp activity.
Several investigators have shown that viral RdRps have primer-dependent RNA polymerase activities with homopolymeric RNA templates (5, 10, 28) . To clarify the molecular mechanism of NV replication, it is more important to test the activity with the viral RNA template than with the homopolymeric RNA template. In this study, we examined the NV RdRp activity with synthetic RNA templates that corresponded to the 3Ј-terminal region of the NV genome. We believe that our strategy for measuring NV RdRp activity better replicates the production of minus-strand RNA from plusstrand genomic RNA.
The template ORF3-pA RNA (Fig. 2B ) was incubated with RdRp fractions in the presence of [ 33 P]UTP and cold ribonucleotide triphosphates. Radiolabeled reaction products of RdRp assays were analyzed in denaturing polyacrylamide gels. [ 33 P]UTP was incorporated in fractions from BVwt3D-infected cell lysates that eluted at 320 to 550 mM NaCl (Fig. 2C) .
We next examined whether the nucleotide length of the RNA product obtained by the RdRp assay was the same as that obtained with the template ORF3-pA RNA. As a size marker, we prepared T7 RNA polymerase-labeled RNA transcribed from MluI-digested plasmid pMT-ORF3pA (Fig. 2C, lane 1) . The template RNA for the RdRp assays was also transcribed from the same starting material by T7 RNA polymerase (see Materials and Methods). The lengths of the RNA products from the RdRp assays were identical to that of the template, indicating that the RNA products of the RdRp reaction were transcripts of the template RNA. On the other hand, incorporation was at background levels in the lysates of negative control cells infected with BVm3D(GAA) and BV3Dm(GAD), which carried amino acid substitutions at a GDD motif (Fig.  2C) .
To analyze the activity of the wild-type RdRp protein in detail, we collected the active RdRp fractions from cationexchange chromatography and subsequent anion-exchange chromatography steps ( Fig. 2A) . Purified RdRp protein was used for further analyses.
Characterization of RdRp activity. We next examined the effects of pH and divalent cation concentrations, including MgCl 2 , MnCl 2 , and CaCl 2 , on NV RdRp activity. ORF3-pA RNA synthesized in vitro was used as a template. Since the requirements of divalent cations are different for primer-dependent and primer-independent synthesis (21), the oligonucleotide primer was not used in the reaction. RdRp activity was markedly increased in the presence of 2.0 mM Mn 2ϩ . A slight increase was detected with increased concentrations of Mg 2ϩ , although to a much lesser extent than with Mn 2ϩ . No increase was seen with Ca 2ϩ (Fig. 3A) . The RdRp activity was found to be optimal at pHs 6.8 to 7.5 (data not shown). Based on these results, we used pH 6.8 and 2.0 mM Mn 2ϩ for further studies of NV RdRp activity.
We also examined the possibility that the synthesis was due to a DNA-dependent RNA polymerase in the extracts of insect Tn5 cells. To do this, we added actinomycin D to the reaction mixtures. Actinomycin D forms a complex with DNA and interferes with RNA synthesis. The production of labeled RNA with RdRp assays was not inhibited in the presence of various amounts of the inhibitor (Fig. 3B) , indicating that the labeled RNA had not originated from the action of a DNAdependent RNA polymerase.
Characterization of RdRp products. Hepatitis C virus (HCV) RdRp expressed in recombinant baculovirus systems shows TNTase activity (20) . TNTase activity might confound the interpretation of the actual properties of RdRp. Since TNTase labels the 3Ј ends of RNA, the RNA product in our RdRp assays could result from the addition of [ 33 P]UTP to the 3Ј end of the template RNA by TNTase. To examine this possibility, we performed TNTase assays without cold ATP, CTP, and GTP. The template 608-pA RNA contained the NV (Fig. 4, lanes 2 and 3) . The RdRp protein did not display any activity that added UTP to the 3Ј end of the template RNA. Therefore, the labeled RNA product was not the result of TNTase activity.
We next determined whether the products synthesized from the NV RNA template were single or double stranded. Double-stranded RNA would indicate that cRNA is synthesized The portions of fractions containing RdRp protein eluted by 320 to 550 mM NaCl in SP buffer from the cation-exchange column were used to examine enzymatic activity. The fractions with active RdRp from the cation-exchange column were then subjected to further purification in the anionexchange column. (B) Genome structure of NV shown to scale. The RNA template used for RdRp assays is represented by a black bar. (C) RdRp reaction with the fractions from a cation-exchange column. At the same time, m3D(GAA) and m3D(GAD), which had substitutions in the GDD motif to GAA and GAD, respectively, and 3B protein as a negative control were separated in cation-exchange columns, and the eluted fractions were subjected to an RdRp assay using the same strategy as that used for the wild-type protein (wt3D). RNA products were separated in a denaturing polyacrylamide gel, analyzed by the BAS1000 system, and presented together with [
33 P]-incorporated molecular size markers transcribed by T7 RNA polymerase from MluI-digested pMT-ORF3pA (T7-labeled RNA). from the template RNA by RdRp. Since S1 nuclease catalyzes the specific degradation of single-stranded RNA to mononucleotides, the RdRp product was incubated with S1 nuclease. The 608-pA RNA containing the 3Ј-terminal region of the NV genome and the poly(A) sequence was used as a template. The RNA product was resistant to S1 nuclease digestion (Fig.  4, lanes 5 and 6) . However, S1 nuclease treatment after heat denaturation almost completely degraded the RNA (lane 7). This result indicated that the product formed by the RdRp reaction was double-stranded RNA.
Poly(A)-and primer-independent RdRp activity. The results described above indicated that NV RdRp was able to synthesize cRNA without the primer at the 3Ј region of the NV genome. Since the NV genome contains a poly(A) sequence at the 3Ј end (11, 15) , we investigated whether the poly(A) sequence is required for the initiation of RNA synthesis by NV RdRp. RdRp activity was measured by using NV 3Ј genomic RNA with or without a poly(A) tail. The 608-pA template RNA contained the 3Ј-terminal region of the NV genome and 30 nucleotides of poly(A) sequence; 608-delA RNA contained the same NV sequence but not the poly(A) sequence (Fig. 5A ). [ 33 P]UTP incorporation was similar in both reactions. Furthermore, the labeled RNA size markers driven by T7 RNA polymerase confirmed that the RdRp product was the same size as the template RNA, irrespective of the presence of the poly(A) tail on the template (Fig. 5B) . The results strongly indicated that the 3Ј poly(A) sequence is not necessary for the initiation of synthesis or for synthesis to the exact length of the cRNA.
We next examined the influence on RdRp activity of the addition of an oligo(U) 15 primer or UpU dimer primer to the template RNA containing the poly(A) tail (Fig. 5C ). When the oligo(U) 15 primer was added to the reaction, the amounts of RdRp product increased slightly with increasing amounts of primer. Also, a distinct RNA product was observed which migrated faster than the templates. The reason for the presence of this smaller RNA is not known. The presence of the oligo(U) 15 primer made little difference on the synthesis of the major product, which corresponded to cRNA of the template RNA (Fig. 5C, lanes 2 to 4) . Interestingly, there was no effect on RNA production with the reaction containing the dinucleotide primer UpU (Fig. 5C, lanes 5 to 7) . From these results, we concluded that NV RdRp could synthesize RNA comple- Effects of increasing amounts of actinomycin D on enzymatic activity. RNA products were analyzed using methods similar to those described for Fig. 2.   FIG. 4 . TNTase assay and S1 nuclease digestion. An in vitro-transcribed RNA, 606-polyA, corresponding to the 3Ј-terminal 232 nucleotides of the NV genome, was used as a template for the RdRp reaction. For TNTase assays, reactions were performed without ATP, GTP, and CTP (lane 2) or without ATP, GTP, CTP, and cold UTP (lane 3). An RNA product from a standard reaction mixture is shown (lane 1) as a control. For the S1 nuclease digestion analyses, RdRp products were heat denatured at 95°C for 2 min (lanes 4 and 7) before treatment without (lane 4) or with (lanes 5, 6, and 7) S1 nuclease for the indicated times. The 232-nucleotide band, identified by an arrow, is missing from lanes 2, 3, and 7. RNA products were analyzed by methods similar to those described for Fig. 2 . Effect of RdRp inhibitors. The assay system described above allowed us to screen for potential NV RdRp inhibitors. Various concentrations of gliotoxin or PAA, which inhibits the activities of other viral RdRp proteins, were added to the NV RdRp reaction. PAA inhibited the RdRp activity (Fig. 6) . The estimated 50% inhibitory concentration of PAA for NV RdRp activity was Ͻ20 M. No inhibitory effect was observed with gliotoxin, even at concentrations as high as 250 M.
DISCUSSION
Previous studies of viral homology have indicated that the C terminus of NV ORF1 contains a motif in the RdRp that is conserved among various plus-strand RNA viruses. In this study, we report that the 3D region of the NV genome contains an active RdRp. We expressed a soluble recombinant RdRp encoded by the NV 3D genomic region in insect cells without a tagged sequence but with a single additional methionine residue at the N terminus. We purified the protein and established a system for measuring its RNA polymerase activity. That activity was not due to contamination by an endogenous insect polymerase, and actinomycin D did not inhibit the RdRp reaction, also indicating a lack of endogenous RdRp. We focused on the conserved GDD motif in the 3D region. Found in most RdRps of positive-strand RNA viruses, GDD is important for metal binding and is considered to be the catalytic site of the enzyme (14) . When we replaced the GDD motif in RdRp, the RNA polymerase activity was lost, and the expressed 3B protein of NV also lacked activity. The loss of RdRp activity in these mutant RdRp proteins indicated that labeled RNA products obtained by a reaction with the wildtype RdRp protein were driven by an RNA polymerase-related activity and maybe by an intrinsic activity of the expressed NV RdRp protein. The enzymatic activity of NV RdRp depended on Mn 2ϩ : the optimal Mn 2ϩ concentration was 2.0 mM. This requirement for divalent cations is similar to that of the primer-independent de novo RNA polymerase activity of poliovirus (1), HCV (18, 21) , and human rhinovirus 16 (9) . In the presence of Mn 2ϩ ions, RdRp from RHDV is thought to form an active structure (19) . Our observations suggest that Mn 2ϩ ions promote conformational changes in NV RdRp that are similar to those of other positive-strand RNA viruses, such as picornaviruses, HCV, and RHDV. We believe that the enzymatic activity in the presence of Mn 2ϩ may reflect a primary biological function of RdRp, and we used Mn 2ϩ for all of our RdRp characterizations.
Several investigators have shown that in vitro viral RdRp reactions generate cRNA by a "copy-back" mechanism (3, 26) . These reactions produce dimer-sized RNAs, presumably as a result of a self-priming event at the extreme 3Ј terminus of the template. In our study, dimer-sized RNAs were not seen when the RdRp products were separated in denatured gels. We speculate that NV RdRp does not have a copy-back mechanism for cRNA synthesis. This notion is supported by the absence of self-priming by an additional oligo(U) at the 3Ј end of the template RNA mediated by TNTase activity.
Interestingly, our results indicate that NV RdRp may not recognize poly(A). RNA production was as efficient without a poly(A) tail at the 3Ј-terminal region of the template RNA as it was with the tail. Furthermore, priming by synthetic oligo(U) or UpU had little effect on the RdRp activity. RdRp was able to synthesize cRNA without a poly(A) tail. Therefore, as reported for HCV RdRp (12) , there must be a specific sequence requirement for cis-acting signals for RNA synthesis when NV genomic RNA is used. Additional studies are needed to determine the specific sequence.
Our results revealed that NV RdRp has the activity of de novo RNA synthesis with the NV genomic RNA as a template. Like those of other RNA viruses (1, 12, 18) , NV RdRp directs minus-strand RNA synthesis in a primer-independent manner. We also showed an interesting feature of NV, namely that the activity of minus-strand synthesis is independent of a poly(A) tail. The NV genome encodes a VPg-like protein on the genome (11, 15) . In picornaviruses, the VPg protein is thought to link to the 5Ј end of the genome and serve as a primer for RdRp (23) . In the Caliciviridae, a genome-linked VPg protein has also been reported for FCV (8) . Therefore, it is important to determine whether the VPg protein is linked to the NV genome and has a role in cRNA synthesis.
Finally, our in vitro RdRp assay may be useful in further studies to develop drugs to treat NV, and the NV RdRp may itself be a useful target for antiviral drugs. It was strongly inhibited by PAA, which interferes with the replication of DNA viruses (4) . The 50% inhibitory concentration (Ͻ20 M) for NV RdRp was significantly lower than that reported for HCV RdRp (10), indicating a specific inhibition of NV RdRp activity by PAA. In contrast, gliotoxin, a known inhibitor of poliovirus and HCV RdRps (5, 22) , had little effect on NV RdRp activity, despite the high concentrations tested. The differences in sensitivities may be attributed to the specific nature of NV RdRp, which synthesizes minus-strand RNA in a primer-and poly(A)-independent manner.
